Abstract
Introduction

37
A major fraction of the methane (CH 4 ) produced in lakes is oxidized by 38 methanotrophic bacteria right at the redox transition zone within sediments or in the 39 water column (Bastviken et al. 2002; Blees et al. 2014 ). Yet, more recent reports 40 indicate that methane in lakes is also oxidized in the absence of oxygen ( AOM coupled to the reduction of metal oxides (i.e., ferrihydrite and birnessite) has 62 been demonstrated in anoxic marine sediments (Beal et al. 2009 ), a freshwater 63 enrichment culture (Ettwig et al. 2016) , and in lake sediments (Sivan et al. 2011 ; 64 Norði et al. 2013) . Despite the potential for iron-and manganese-coupled AOM as 65 major methane sink in many Fe/Mn-rich sedimentary environments, the electron 66 transport mechanisms that couple AOM with metal oxides (as well as sulfate) are still 67 not fully understood (Milucka et al. 2012; McGlynn et al. 2015; Wegener et al. 2015) . 68
Moreover, it remains unclear whether microorganisms in environments where both 69 independently mediate AOM using iron or manganese oxides (i.e., Fe(III)/Mn(IV)) as 71 the terminal electron acceptors (Ettwig et In the present study, we investigated methane oxidation in the anoxic sediments 90 of Lake Cadagno. Using a complementary approach combining radio-tracer 91 techniques ( 14 CH 4 ) for rate determination, incubation experiments with 13 C-labeled 92 methane and different electron acceptors and stable isotope probing (SIP) of lipid 93 biomarkers, as well as 16S rRNA gene sequencing, we aimed at 1) revealing the 94 microbial processes and mechanisms involved in AOM with particular focus on the 95 potential role of metal oxides in stimulating sulfate-dependent AOM, and 2) 96 identifying the freshwater AOM-mediating microorganisms responsible for methane 97 oxidation within the sediments. We demonstrate that methane oxidation is primarily 98 coupled to sulfate reduction (even at sediment depths where sulfate is depleted), yet 99
AOM cannot be attributed to the typical ANME lineages that were found to perform 100 AOM with sulfate (Knittel and Boetius 2009 ), but is mediated by thus far uncultured 101 archaea (Schubert et al. 2011 ), related to Candidatus Methanoperedens (formerly 102 named ANME-2d or AAA).
was stopped by adding aqueous NaOH (5% w:w).
14 CH 4 activity was measured in the 171 residual methane (as CO 2 after combustion), the CO 2 produced by AOM, and the 172 remaining biomass via liquid scintillation counting (Blees et al. 2014; Steinle et al. 173 2016) . AOM first order rate constants (k) were calculated according to Eq. 2. 174
where !" ! , !" ! ! represent the radioactivity of methane, CO 2 , and the 176 remaining radioactivity. t represents the incubation time. Methane oxidation rates 177 (MOR) were then calculated using the value for k and the methane concentration at 178 the start of the incubation (Eq. 3). 179
(Eq. 3) 180
181
13 CH 4 Incubation Experiments. Sediments from three sediment zones: 14-19 cm 182
(where maximum AOM rates were observed; Fig. 1A ), 19-24 cm and 24-29 cm 183 (where sulfate concentrations were below the detection limit) from four replicate 184 cores were combined, each section with approximately 600 cm 3 of fresh sediment, 185 and mixed with 2.5 L anoxic artificial mineral medium (Ettwig et al. 2009 ) to yield 186 homogenized mixtures for the slurry incubation experiments (see Table S1 for 187 components of medium). 240 mL serum vials were filled with ~ 200 mL of the 188 homogeneous sediment slurry. The slurries were degassed with He to remove any 189 traces of O 2 and background methane. All slurries were pre-incubated under anoxic 190 condition for at least two weeks to allow the microbial community to recover from 191 any potential perturbation during sample handling, and the supernatant was replaced 192 with anoxic sulfate-free water (this step was repeated until sulfate concentrations were 193 below detection limit) (Segarra et al. 2013 concentrations were up to 2 mM, led Schubert et al. (20111) to the conclusion that 298 methane was most likely oxidized with sulfate as electron acceptor, and that AOM 299 was constrained by the availability of sulfate in the sediment porewater. Here, we 300 confirm the biogeochemical evidence for AOM in the Lake Cadagno sediments by 301 providing, for the first time, downcore AOM rate measurements for these lake 302
sediments. Yet, our rate measurements clearly reveal that AOM is not restricted to the 303 uppermost sediments, and that AOM rates peaked at ~17 cm depth, with highest rates 304 of 15 nmol/cm 3 /d (i.e., two orders of magnitude higher than at the sediment surface) 305 (Fig. 1A) . The maximum AOM rates observed are comparable to those reported for 306 other freshwater environments (Norði et al. 2013; Segarra et al. 2013 Segarra et al. , 2015 . Interestingly, the highest AOM activity was observed within sediment layers 317 where our measurements from a parallel core show that sulfate was still available, but 318 at relatively low concentrations (~ 0.1 mmol/L) (Fig. 1B) . While this can be taken as 319 indication for AOM coupled to sulfate reduction (Reeburgh 2007) , the vertical 320 methane flux and downward diffusion of sulfate suggests an imbalance between the 321 electron donor and its potential electron acceptor in the sediments (-110.5 and 190.9 322 µmol/m 2 /d for methane and sulfate, respectively). Moreover, a clearly defined sulfate-323 methane transition zone, as has been commonly described in most diffusive marine 324 settings (Reeburgh 1980 (Reeburgh , 2007 Iversen and Jørgensen 1985) , was not observed at the 325 depth of maximum AOM rates. In fact, relatively high concentrations of both methane 326 and sulfate were found in the surface sediments, where AOM activity was very low, 327
or not detected at all. Furthermore, anaerobic methane turnover continued well below 328 the AOM rate maximum, at depths where sulfate concentrations were almost depleted 329 (~ 0.04 mmol/L). These observations together indicate that AOM was not necessarily 330 limited by the availability of free sulfate within the sediment, and potentially suggest 331 other environmental controls on benthic AOM rates. 332
The combined geochemical and radiotracer-based rate data imply that AOM in 333 Cadagno sediments, we performed slurry incubation experiments using sediments 350 from three sediment depth segments (Table 1) where AOM rates were still significant, sulfate concentrations very low, and metal 355 oxide concentrations relatively high (Fig. S1) . Moreover, all three segments show the 356 presence of Candidatus Methanoperedens, a proven microbial player in AOM (see 357 below). In the first set of experiments (sediments from 14-19 cm and 19-24 cm), we 358 did not detect any methane turnover in killed controls and incubations with 20 mM 359 molybdate, a competitive inhibitor for sulfate reduction (Wilson and Bandurski 1958) . 360
In the un-amended live controls (i.e., slurries without additional electron acceptors), at 361 both depths, AOM was slightly elevated relative to killed controls, as indicated by the 362 small amount of excess 13 CO 2 that was produced at the end of the incubation period. 363
The low-level AOM might be attributed to ambient substrates remaining in the 364 slurries after their preparation and conditioning (e.g., sulfate). Most strikingly, at both 365 sediment depths, methane oxidation was considerably enhanced upon the addition of 366 either sulfate or MnO 2 ( Fig. 2A and 2B ). Excess from the first set of experiments, as well as "fresh" sediments from 24-29 cm, with 386 sulfate/MnO 2 /nitrate and/or molybdate (Table 1) . This way, we wanted to test whether 387 1.) AOM was solely and directly driven by sulfate reduction (sulfate-dependent 388 AOM), 2.) whether Mn(IV) reduction was directly coupled to AOM, or 3.) whether 389 the added MnO 2 fueled a cryptic sulfur or nitrogen cycle, in which alternative electron 390 acceptors (i.e., sulfur intermediates, sulfate or nitrate) were produced through the 391 oxidation of sulfide or ammonium, respectively, with rates in the nitrate-amended treatment (during the second half of the incubation 396 experiment) were higher compared to the untreated live control, suggesting that, at 397 least under sulfate-depleted conditions, AOM is coupled to denitrification, or that 398 AOM is stimulated by nitrate indirectly. Most obviously, and consistent with the first 399 set of experiments, both sulfate and MnO 2 boosted 13 CO 2 production by AOM 400 compared to the control and the molybdate-addition experiments ( Fig. 2C and 2D) . dependent AOM. Indeed, we observed a net increase in the sulfate concentrations 407 during the incubations with MnO 2 , providing substrate for sulfate-dependent AOM 408 (Fig. S2) . In the molybdate-amended experiments, we observed a similar increase in 409 sulfate concentration, which was also likely due to the oxidation of reduced sulfur 410 species with MnO 2 , but AOM was inhibited at the sulfate-reduction step. In the 411 second set of experiments, the enhancing effect of the MnO 2 addition was 412 approximately three times greater than when sulfate was added to sediments from 19-413 24 cm (Fig. 2C) , while the opposite was observed for sediments from 24-29cm. At 414 this point, we lack an obvious explanation for the observed discrepancy between the 415 MnO 2 and sulfate-only experiments other than that our observation may leave some 416 scope for true metal-driven AOM in the shallower sediments. 417 suggests that nitrate might have had a similar effect (i.e., the oxidation of reduced 419 sulfur with nitrate was promoted), but it seemed to stimulate AOM much less than 420 MnO 2 . We conclude that nitrate can, at least in our experiments, like MnO 2 , serve as 421 oxidant for the oxidation of reduced sulfur, producing sulfate that is then available for 422 sulfate-dependent AOM. It is difficult, to explain the weaker effect of nitrate on AOM 423 (i.e., less stimulation compared to the MnO 2 amendment), if AOM was strictly 424 coupled to sulfate only. More precisely, both the nitrate and MnO 2 addition resulted in 425 the production of almost equivalent concentrations of sulfate (Fig. S2 ). This may be 426 taken as additional evidence that MnO 2 not only affects AOM indirectly through its 427 role in generating sulfate, but also directly by serving as oxidant for true Mn-428 dependent AOM. 429
With regards to the effect of FeOx, we expected a stimulation of AOM analogous 430 to that by MnO 2 . However, the overall AOM activity was lower than in the sulfate 431 and MnO 2 treatments ( Fig. 2A and 2B ). The weaker 13 CO 2 production in the FeOx 432 versus the MnO 2 treatments is best explained by the fact that sulfate is not a major 433 product of the reaction of FeOx with sulfide (Yao and Millero 1996; Zopfi et al. 434
2004). 435
Our incubation results clearly demonstrate that sulfate, added MnOx and FeOx 436 (and potentially nitrate) promoted AOM in the anoxic sediments of Lake Cadagno. In 437 all instances, sulfate appears to be the key electron acceptor used by microorganisms 438 to oxidize methane. We are aware of the limitations with regards to the applicability 439 of high-concentration experimental results to natural environments, and we 440 acknowledge that our combined incubation data leave some scope for true metal-441 dependent AOM. Yet, we propose that canonical sulfate-dependent AOM is the 442 dominant methane oxidation pathway in the studied sediments. In the upper AOM 443 zone (14-19 cm), where sulfate is replete, AOM is directly coupled to sulfate 444 reduction. In the lower parts of the sediment column (19-29 cm), where free sulfate 445 concentrations are low, sulfate-driven AOM still happens, and is likely maintained by 446 the continuous supply of sulfate produced by the oxidation of reduced sulfur species 447 with metal-oxide phases buried in the sediment (Holmkvist et al. 2011b) . 448
449
Lipid biomarker constraints on methane oxidizing microbes. At the end of the 450 slurry incubation period in the first set of experiments with sulfate and manganeseoxide, some microbial fatty acids were highly enriched in 13 C, including 452 monounsaturated C16:1 fatty acids (i.e., C16:1ω7c, C16:1ω7t, C16:1ω5c) and iC17:0 453 (Fig. 3) . High 13 C-uptake into these lipids most likely by methanotrophic bacteria has 454 been recently observed in other lake sediments (Bar-Or et al. 2017). In contrast, in the 455 live controls, no enrichment of 13 C was detected in these specific bacterial fatty acids. 456
The extent of 13 C fatty acid biosynthesis (and thus 13 CH 4 uptake) differed both 457 between individual compounds, as well as treatments. The most strongly 13 C-enriched 458 fatty acid was C16:1ω5c in the 14-19 cm incubation with sulfate (161‰), and in the 459 19-24 cm incubation with MnO 2 (307‰), respectively. This fatty acid was previously 460 found in SRB associated to ANME -2 and -3, and to a lesser degree in SRB associated 461 Table S2 ), but, consistent with our results of the 502 biomarker and gene sequence analyses from the incubation experiments ( Fig. 3 Concentrations (µg/g dw) δ 13 C (‰) Fig. S3 ), and with previous 16S rRNA gene analyses in Lake Cadagno sediments 504 (Schubert et al. 2011), we were not able to detect any of the typical ANME-archaea 505 found in marine systems (Knittel and Boetius 2009) . 506 A significant number of 16S rRNA gene sequences that were retrieved at/below 507 the maximum AOM zone (0.3-5.7% of total sequences at >10 cm sediment depth; Fig.  508 4A), belonged to Candidatus Methanoperedens. There is some discrepancy between 509 the vertical distribution of the relative abundance of Candidatus Methanoperedens 510 and the AOM rate profile; i.e., the abundance peak was offset by several cm with 511 respect to the maximum AOM rate determined in a separate core. We attribute the 512 apparent offset between the peaks to the heterogeneity of different sediment cores and 513 to lesser degree to artifacts during subsample manipulation. Given that the general 514 shape/quality of the two profiles is essentially equivalent, however, it is reasonable to 515 assume synchronicity, and to link the high methane oxidation rates primarily to this 516 phylotype. The latter was dominated by four amplified sequence variants (ASVs) that 517 showed similar vertical distribution patterns (Fig. S4) , and share high sequence 518 similarities within the V4-V5 region of the 16S rRNA gene with recently described isotope probing results suggest that archaea of this clade may also perform AOM 526 coupled to iron and/or sulfate reduction in the iron-rich but sulfate-poor sediments of 527 Lake Ørn (Denmark) (Weber et al. 2017 ). The ANME-2d sequences in these 528 sediments share >98% sequence similarity with the Methanoperedenaceae phylotypes 529 found in Lake Cadagno (Fig. S5) . Moreover, there is genomic evidence for the 530 presence of numerous multiheme c-type cytochromes in Methanoperedens-like 531 archaea, suggesting that they can transfer electrons to a broad range of electron 532 cytochromes in ANME-1 archaea have also been shown to facilitate the electron 535 transfer to syntrophic partner organisms such as SRB (Wegener et al. 2015) . 536 537 538 
544
In Lake Cadagno sediments, we also found sequences of sulfate reducing 545 bacteria, including the SEEP-SRB1 cluster and members of the Desulfobulbus group, 546 which have been shown to be associated to ANME-1, -2 and -3, respectively, as 547 bacterial partners in marine settings (Knittel and Boetius 2009 ). The relative 548 abundances of SRBs decreased with sediment depth, in parallel with decreasing 549 sulfate concentrations, but then increased again at about 24 cm depth (Fig. 4B ). This 550 secondary maximum was due to a local enrichment of Desulfobulbaceae, which were 551 dominated by a single uncultured representative of this family (Figs. S4, S5, S6) . The 552 correspondence of high abundances of Desulfobulbaceae and the Candidatus 553
Methanoperedens peak at the same sediment depth (Fig. 4B and Fig. S7 ), together 554 with the lipid-SIP results, suggests that the anaerobic methane-oxidizing archaea and 555 sulfate-reducing bacteria detected in Lake Cadagno sediments are interdependent. The 556 exact nature of the syntrophic interaction (e.g., formation of consortia or an indirect 557 association of SRB and AOM) awaits further investigation. We note, however, that 558 this interdependence is most likely facultative, as one of the amplified sequence 559 variants of Ca. Methanoperedens (ZOTU202) showed a second abundance peak at a 560 Relative abundance (% of total sequences) depth (13-19 cm), where no Desulfobulbaceae partner sequences were detected (Fig.  561   S4A; Fig. 4B ). This is consistent with our incubation experiments, and suggests that 562 at least this strain of Ca. Methanoperedens can perform AOM independently, 563 provided a suitable electron acceptor is present. 564
565
Concluding remarks
566
In the present study, patterns of AOM activity, pathways and microbial diversity 567
were investigated in the sediments of euxinic Lake Cadagno. We present clear 568 evidence that microorganisms performed anaerobic oxidation of methane coupled to 569 sulfate reduction below 10 cm sediment depth, with relatively high AOM rates even 570 at depths where sulfate concentrations are relatively low. Incubation experiments 571
show that the addition of sulfate, manganese, iron, and/or nitrate promotes AOM. 572
While there is some evidence for metal oxide-dependent AOM, we argue that the 573 stimulation of AOM by the non-sulfate oxidants was mostly indirect. Sulfate-574 dependent methane oxidation was fueled by continuous (and at greater depths, 575 cryptic) sulfate production by the oxidation of reduced sulfur compounds with metal 576 oxides. Our microbial community analysis revealed that AOM was driven by 577 uncultured archaea of the candidate genus Methanoperedens. The parallel depth 578 distribution of the abundances of Candidatus Methanoperedens and potential sulfate-579 reducing ANME partners in the sediment zone where high AOM rates were observed 580 suggests that methane oxidation is performed in archaeal-bacterial association. 581
However, it cannot be excluded that the methane oxidizing archaea are able to 582 perform sulfate-dependent AOM by themselves. The coupling of AOM to sulfate 583 reduction by novel Methanoperedenaceae (and the possible disguise as Mn-/Fe-584 dependent methanotrophs) not only expands our understanding of this 585 biogeochemically significant group and their potential for metabolic versatility, but 586 also has broad implications for future AOM investigations in freshwater 587 environments, where sulfate concentrations are low and metal (Mn, Fe) 588 concentrations are often high. Here, Candidatus Methanoperedens may represent 589 important sentinels of methane emission to the atmosphere, taking over a similar 590 ecological role as ANME-1, -2 and -3 in marine sediments. 591 592 593
